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(Received 12 August 2005; published 9 March 2006)0031-9007=We investigate the pathway of thinning process for transient 110 nanowires (NWs) of Ag. The result is
in good agreement with experimental observations. An unambiguous identification of the structure of a
NW requires at least two views along different directions. In the cases where two views of different NW
structures are practically the same for very thin NWs which pose experimental difficulty due to small
signal-to-noise ratio, our theoretical analysis helps distinguish these structures. On the basis of con-
ductance (G) calculations vis-a´-vis the structure of transient NWs, the puzzling experimental observation
of fractionally quantized G values is explained by considering the existence of mixed structures for thin
wires.
DOI: 10.1103/PhysRevLett.96.096104 PACS numbers: 68.65.k, 61.46.w, 73.90.+fNanowires (NWs) are a novel organization of atoms yet
to be understood and explored for the development of
nanoelectrical devices with quantum conductance [1].
Relevance of atomic-size electrical contacts and conduc-
tors in the development of nanoelectronic devices [2,3] has
added to the importance of NWs. These are made in several
ways: e.g., by mechanically controllable break-junction
experiments (MCBJE) [4]. Regular NWs along 110 are
the most frequently observed among the three directions,
as seen for Au, Ag, and Cu [5–7]. These 110 NWs
adopted in the MCBJE have been found to undergo thin-
ning on a time scale which allows snapshots using sophis-
ticate devices. We have explored the pathway for the
thinning process identifying the ‘‘magic structures’’ that
the NW would adopt before breaking down. Availability of
experimental data prompted us to choose Ag NWs for this
study. The conductance in MCBJE [6] can be the main
aspect to distinguish structures of very thin Ag NWs.
Therefore, we have also studied the conductance of NWs
to facilitate the inference. Our results explain all available
experimental data including the fractional conductance
presented during the evolution of the NW. This indicates
that the structure of NWs is well identified, even for very
thin NWs which defy identification due to small signal-to-
noise ratio during experiments.
We carried out the density functional calculations of Ag
NWs employing ultrasoft Vanderbilt-type ionic pseudopo-
tentials with a uniform energy cutoff of 220 eV, and
generalized gradient approximation for the exchange-
correlation potential [8]. The initial structure of various
n=m NWs was built by alternate stacking of (110) atomic
planes, where n atoms are taken from one plane and m
from the other. This setup of initial structures is in accor-
dance with the experimental observations [5,6].
Figure 1(a) shows the energy profile for the average
number of atoms on each cross section (N=L) of NW,06=96(9)=096104(4)$23.00 09610where N is the average number of atoms in a unit cell of
NW and L is the length of the unit cell. For simplicity, as an
alternative or equivalent representation, the horizontal axis
can be given in terms of the effective radius (R) of NW,
regardless of its shape (even if the cross section is far from
the circular shape). R is not the real radius, but the effective
radius defined as N=La=1=2, where a is the atomic
cross section. It should be noted that the energy curve is
represented with respect to N=L which is unique (but not
with respect to the actual radius or actual cross section
which depends on the parameter). The energy profile
shows which structures are more stable for the given N.
As N decreases, the (slow or adiabatic) thinning process
would take the most stable structure among many possible
NW conformations (which are less stable than the thicker
NWs) for the given N. Thus, the thinning process follows
the points on the contour in Fig. 1(a). The curve was fitted
to show which structures would be more stable among
these points. The points above or below the curve would
be less or more stable during the thinning. Figure 1(a)
which shows the magic structures based on the stability
of isolated NWs can be reinterpreted as Fig. 1(b) which
shows the magic structures based on the stability of NWs
extracted from the bulk in the case of the thinning process.
The latter can be investigated from the balance of strain
[produced by stretching force (f)] versus stress [restoring
force due to the surface tension () of NW], since the
system with the NW stretched from the bulk has the extra
surface area of the NW (SL  2RL, where S is the
surface area per unit length of NW) with respect to the
bulk system (Fig. 2).
In Fig. 2, the force f describing the generalized wire
tension in drawing a NW by pulling the tips apart, from
length zero to L, can be written as f  EbN=L [9],
where E is the wire free energy in a unit cell (  N which
equals the total energy at 0 K), and =b is the NW/bulk4-1 © 2006 The American Physical Society
FIG. 1. Energy vs
N=Lp (or effective radius, R) (a) and
tension vs
N=Lp of 110 Ag NWs (b). The top view (the
cross section of NW along 110) followed by two side views
(along 110 and 001) is shown for the well-favored (except
4=2 and 2=1) structures. The unlabeled structures (from bottom
to top) are 4=1, 3=4, 6=2, 2=6, 6=4, 8=3, 6=6, 5=8, 8=5, and 15=8.
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From the strain-stress balance, f    S  
bN=L. A tip-suspended wire would minimize this force
f and hence favor the structure with smaller f in Fig. 1(b)
during the thinning process. The fit of points on the contour
would give the guideline about which structure would be
more or less favored depending on the position below or
above the fit line. In terms of the effective radius of NW, f
is roughly represented as f  2R, leading to a near 
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N atoms µ 
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f 
FIG. 2. Simplified picture representing the extraction of a NW
from bulk.
09610straight line, which is exciting and reasonable. If the NW
cross section is near circular, then f is close to 2R. If it
is far from the circular shape, f > 2R, because the
circular cross section would have the minimal surface
tension. The smallest slope gives   0:8 N=m for the
11=8 structure. The decrease in tension is the driving force
behind the thinning [10] which takes place by depletion of
atoms from the NW to the tips. The energy profile may
possess local minima, corresponding to favorable struc-
tures during thinning of NW. It is these ‘‘magic’’ structures
materializing during the thinning process that are sought in
this study. Experimentally, thinning occurs on a time scale
which is visible within seconds, and snapshots can thus be
taken. It provides a direct evidence for correctness of this
approach in suggesting the thinning process. Thus, from
Fig. 1, the magic structures indicate metastable states
which would be experimentally observable. We note that
for small cross sections (1  N  15, or 1:5 A<R<
7:0 A) considered in this work, the magic NWs are made
of 11=8, (9=8), 8=6, 5=4, (4=3), 2=2, (1=1), and 1=0
structures, as shown in Fig. 3 (with not so well-favored
structures in parentheses).
Experimentally, the high-resolution transmission elec-
tron microscopy (HRTEM) would reflect the projections of
atoms along the observation direction. Figure 1 shows that
many different structures have the same side view along
110, e.g., (11=8, 9=8, 8=6, and 5=4 NWs) or (4=3, 4=1,
and 2=2 NWs). Therefore, one side view alone is not
sufficient to assign a unique identity to the structure. We
find that of the 4=1 and 2=2 structures with same 110
view, it is the 2=2 structure which is favored energetically
and is, therefore, more likely to materialize during thinning
process, instead of the 4=1 structure which was conjectured
as a possible candidate [6]. The other side view (along
001 in Fig. 1), distinguishing the two, would help evolve
an almost unambiguous inference about the structure of a
NW. Interestingly, however, in some cases even these two
side views may be identical (e.g., for 9=8 and 8=6 NWs)
and, hence, insufficient for unique identification. In such
cases, calculations like this would help resolve the identity
crisis.
Another advantage of this study is that it helps identify
even the structure of the ultrathin NWs, which otherwise is
not easily identifiable in HRTEM observations because of
the small signal-to-noise ratio in the image [6]. For ex-
ample, out of the 2=1 and 1=1 structures, the ultrathin NWFIG. 3. Pathway (showing up the top view) of the thinning
process for 110 Ag NWs. The value in parentheses are the
energy per atom in eV.
4-2
PRL 96, 096104 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending10 MARCH 2006
[Figs. 1, 2 of Ref. [6] ] was conjectured as 2=1. Our Fig. 1,
however, shows that of the two, the 1=1 structure is favored
more. It may be noted that the 1=1 structure was assigned
in the case of Au [11].
The structures with hexagonal cross section (4=3, 8=6,
and 11=8) are consistent with the schematic diagram of the
Wulff construction [12] which can be used to predict the
geometry of the nanoclusters. The flanks of the ultra thin
NWs, 2=2 and 1=1, are composed of the (111) facets. We
expect the hexagonal cross section to extend to thicker
110 NWs, with flanks as low-energy (111) and (100)
facets. Considering the energetics of various structures,
we conclude that the simplified pathway of thinning pro-
cess for Ag 110 NWs would be from 11=8 to 8=6 to 5=4
to 4=3 to 2=2 to 1=1 to 1=0 as illustrated in Fig. 3. Other
less-favored intermediate structures between two neigh-
boring structures along the pathway may also exist but
only transiently. We note that 11=8, 8=6, and 5=4 NWs
have smaller f, in agreement with experimental observa-
tion [6]. The kinetic aspects of the narrowing process
would be interesting. According to a recent nanoscale
free electron model on the activation barrier E 
0:6h=2=me1=2 for a universal size NWs (me: con-
duction band effective mass, comparable to the free elec-
tron mass) [13], the activation barriers for the stable 11=8,
8=6, 5=4, and 2=2 structures are estimated to be 0.39 eV
[which is considered to be a reasonable magnitude as a
fraction of the cohesive energy per atom of the NWs that
changes from 2.42 eV (11=8) to 1.36 eV (1=0)]. This gives
the lifetime   1 s at T  150 K and   10 s at T 
300 K according to the free electron model [ 
1D expE=T; D: Debye frequency]. This value is in
reasonable agreement with the experiment [6]. However,
the high stability of novel metal NWs [14] could be better
understood by including the effect of d electrons.
We find that with the increase in R, the spacing along
110 gradually increases as 2.83, 2.84, 2.88, and 2.90 A˚
(for 2=2, 4=3, 8=6, and 11=8 NWs, respectively) towards
the bulk value, in agreement with shorter nearest neighbor
distance in the metallic NWs and nanoclusters [15]. The
rare occurrence of the monatomic (1=0) wires along 110,
as compared to 111 or 100 directions [4,6], can be
explained to some extent, considering the break force F
(the slope at the inflection point of the binding energy
curve) of 110 1=1 and 1=0 NWs. The curves fitted with
the so-called universal binding energy formula Ex 
x x0exx0 [16] give F as a=e2. The F of the
1=1 NW (0:75 eV= A) is close to that of the 1=0 NW
(0:86 eV= A). The bond strength of the 1=1 NW is also
the closest to that of the 1=0 NW. The tension for the 1=0
NW (Fig. 1) being comparable to the 1=1 NW which would
exist only momentarily, would make the 110 1=0 NWs
much less observed.
To get a better insight into the thinning process vis-a´-vis
experimental results [6], we studied the conductance (G)09610for the thin wires using an ab initio transport package
based on nonequilibrium Green’s function formalism and
Landauer formula with single zeta polarization basis set
[17]. In the Landauer formula, G can be approximated by
the transmission function (T) near the Fermi energy, EF
[18]. Our G value for the 4=3, 4=2, 4=1, 2=2, 2=1, 1=1, and
1=0 structures at or around EF is integral being 6, 5, 4, 3, 3,
2, and 1G0, respectively. This indicates the ballistic con-
duction in consonance with the band structure (not pre-
sented) which shows as many bands (of s character)
crossing the EF. The d bands lie well below EF. The
experimental global histogram [6] shows peaks at 1, 2.4,
and 4	G0. While comparing the G values of the proposed
structures with the experimental data, we realize that dur-
ing thinning, one structure gives way to the other. Since
thinning is a transient process, a new structure might
evolve before the old structure has actually fully faded
away; i.e., mixed structures may exist, as also suggested
by at least the peak at 2:4G0 which does not correspond to
any pure structure. Hence, the comparison of the calculated
G values for pure structures of uniform cross section with
the experimental data is not realistic. Smaller stability of
thin NWs as compared to thick NWs indicates that the
former is less likely to exhibit the G value corresponding to
pure structures. Hence there is more likelihood for mixed
structures to exist when the NW is thin, and we therefore
feel that the experimental G values in the range 0 to 4G0
[6] would correspond to mixed structures rather than to
pure structures. Furthermore, experimentally it is neces-
sary to use a nonzero bias to drive the current (to study G).
The transport through nanostructure devices depends not
only on the geometry of the nanostructure but also on the
leads (including the electrodes, the contacts, the intercon-
necting wires, etc.) that connect the device to the external
electronic circuit for measurements. Hence, comparison of
the calculations for pure structures with the experiments
cannot be taken too seriously, and cannot really be treated
as a conclusive measure. In view of this, we studied the
effect on G of this mixing of structures which simulates, in
a way, the effect of electrodes.
Figure 4(a) shows one of the mixed structures which
corresponds to 5=4
 4 4=3
 3 2=2
 3. The 5=4

3 of both ends were used as left and right electrodes and the
remaining 5=4
 1 structure was included in the central
part. Figure 4 explains how the lead parts can change the G
values in this kind of structures. Figure 4(b) shows the
conductance change according to the evolution of NW
from 4=3
 1 to 4=3
 3 2=2
 2 1=1
 3 for two
kind of leads; one is 5=4
 4 structure (solid line), and
the other is planar surface in the Ag 110 direction (dashed
line). This will correspond to the inset of Fig. 3. in Ref. [6].
The pure 4=3 structure has G as 6G0, while the conduc-
tance of the mixed 5=4
 4 4=3
 N structure (N: in-
teger) reduces to 5G0. When N changes from 1 to 3, the
conductance is slightly reduced and fluctuates around4-3
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FIG. 4. (a) Example of mixed structure. The 4=3
 3 2=2

3 structure as device part is located between both leads com-
prised of 5=4
 4 structures (b) Change of conductance during
the evolution of each structure, 4=3
 L (L  1 8), 4=3

3 2=2
M (M  1 4) and 4=3
 3 2=2
 2 1=1
 N
(N  1 3), between two 5=4 leads or between two infinite
planar surfaces (110). Indices L, M, and N denote the units of
each structure during evolution as in (a). (c)–(e) Transmission vs
energy curves for 110 NWs for pure and mixed structures.
Shortened labels are used; e.g., 5=4 4=3 means that both lead
parts have 5=4 structure and the central part has 4=3 structure.
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5G0. After the 2=2 structure appears in the further evolv-
ing process, the G value reduces abruptly below 3G0.
During evolution of the 2=2 structure, G remains almost
constant. The planar surface makes the G value further
reduced. The G value of 4=3 drops to 4:5G0 and that of
2=2 to 2:7G0. In this case, the conductance curve fluc-
tuates more because of larger self-energy term for semi-
infinite surface. This lowering trend is also observed for all
mixed structures in Fig. 4 and also for other structures (not
shown here). Variation of the G value in Figs. 4(c)–4(e)
shows that the more mixed the structure, the smaller the G
value is. Hence the effect of bigger lead is to reduce the
original G value. This indicates that 4=3 (or 4=2), which
have 6G0 (5G0) for the pure, could be 4	G0 in mixed
structures, while 2=2 and 2=1 (with 3G0 for the pure) could
be 2:4G0, as observed in the experiment [6]. The probabil-
ity of occurrence of 4=1 structure (which was once con-
jectured due to the same HRTEM images with that of the
4=3 structure) is thus ruled out on the basis of its stability as
well as its conductance which is 4G0 for pure structure and09610slightly less for mixed structure [Fig. 4(e)]. In fact, for the
mixed structure comprised of two layers planar surface in
the lead parts and 5=4
 2 4=3
 1, 2, 3 in the central
part, the G value (not shown) is 4G0.
To conclude, we find the magic structures during the
thinning of 110 Ag NWs. The 11=8, 8=6, 5=4, (4=3), and
2=2 NWs appear more stable, and the hexagonal cross
sections along with low energy (111) and (100) facets are
favored. The structure of the electrodes is found to have a
profound effect on the G value; the bigger the mixed
structure, the smaller the G value is. Our results are in
good agreement with the HRTEM and conductance mea-
surements [6]. This indicates that the fractional conduc-
tance values are due to the existence of the mixed
structures. The present theoretical calculations also explain
the experimental observations [18] for Au NWs whose
detail will be reported elsewhere.
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